Dekkera bruxellensis is a non-conventional yeast normally considered a spoilage organism in wine (off-flavours) and in the bioethanol industry. But it also has potential as production yeast. The species diverged from Saccharomyces cerevisiae 200 mya, before the whole genome duplication. However, it displays similar characteristics such as being Crabtree-and petite positive, and the ability to grow anaerobically. Partial increases in ploidy and promoter rewiring may have enabled evolution of the fermentative lifestyle in D. bruxellensis. On the other hand, it has genes typical for respiratory yeasts, such as for complex I or the alternative oxidase AOX1. Dekkera bruxellensis grows more slowly than S. cerevisiae, but produces similar or greater amounts of ethanol, and very low amounts of glycerol. Glycerol production represents a loss of energy but also functions as a redox sink for NADH formed during synthesis of amino acids and other compounds. Accordingly, anaerobic growth required addition of certain amino acids. In spite of its slow growth, D. bruxellensis outcompeted S. cerevisiae in glucose-limited cultures, indicating a more efficient energy metabolism and/or higher affinity for glucose. This review tries to summarize the latest discoveries about evolution, physiology and metabolism, and biotechnological potential of D. bruxellensis.
INTRODUCTION
The interest in Dekkera bruxellensis (anamorph Brettanomyces bruxellensis) has increased rapidly during the last decade. It has long been regarded as a major contaminant in wine production. More recently, it has been recognized as a contaminant in the bioethanol industry (de Souza Liberal et al. 2007; Bezerra Leite et al. 2013) ; however, it may have potential as a production yeast (Passoth, Blomqvist and Schnürer 2007; Blomqvist et al. 2010) . It is also one of the yeasts involved in the spontaneous fermentation that is the basis of production of Belgian Lambic beer (Van Oevelen et al. 1977; van Nedervelde and Debourg 1995) .
The first isolation of a 'Brettanomyces-like' yeast was reported in 1904 (Claussen 1904) , but it was first in 1921 when Brettanomyces was suggested as the genus name for two new yeast species, B. bruxellensis and B. lambicus (Kufferath and Laer 1921) . In 1964, van der Walt found ascospores in B. bruxellensis and B. intermedius, and described the genus Dekkera, as the teleomorph of Brettanomyces . Currently, five species belong to the Dekkera/Brettanomyces group: D. bruxellensis, D. anomala, B. naardenensis, B. nana and B. custersianus (Kurtzman, Fell and Boekhout 2011) .
The ancestors of D. bruxellensis and Saccharomyces cerevisiae separated before the whole genome duplication (WGD) event (Wolfe and Shields 1997; Woolfit et al. 2007 ). The WGD is seen as a key event for the development of the fermentative lifestyle in S. cerevisiae and close relatives, i.e. ethanol fermentation in aerobic conditions, anaerobic growth and being petite positive. However, D. bruxellensis also developed these features although it did not undergo a WGD (Hellborg and Piškur 2009; Prochazka et al. 2010; Rozpedowska et al. 2011 ). The yeast also shows considerable genetic variation among different strains (Hellborg and Piškur 2009 ). These characteristics make this yeast an interesting model organism to study yeast evolution.
Apart from being Crabtree-positive, D. bruxellensis has several other interesting physiological features. It has been reported to produce acetic acid under aerobic conditions, a phenomenon, which is related to the Custers effect, i.e. a temporary inhibition of fermentation in anaerobic conditions (Scheffers 1979; Wijsman et al. 1984) . Dekkera bruxellensis produces very low amounts of glycerol, which may be advantageous in terms of energy efficiency, but also impacts growth under oxygen limitation (Blomqvist et al. 2010 (Blomqvist et al. , 2012 . It has a variety of enzyme activities that generate off-flavours in wine, but also confer the ability to ferment sugars such as cellobiose, which is important for fermentation of lignocellulose to ethanol (Spindler et al. 1992; Harris et al. 2009 ). The ability to utilize nitrate as sole nitrogen source may impact ethanol processes based on sugar cane (de Barros Pita et al. 2011) . In spite of low specific growth rates, the yeast is able to outcompete S. cerevisiae in certain environments, such as specific ethanol production processes, in wine production during malolactic fermentation, or in the final stage of lambic beer production (Van Oevelen et al. 1977; Chatonnet et al. 1992; de Souza Liberal et al. 2007; Passoth, Blomqvist and Schnürer 2007) .
Jure Piškur and his colleagues were highly interested in all these evolutionary, physiological and technological peculiarities, and have provided substantial contributions to the research about D. bruxellensis. This review tries to summarize the recent developments within this field, which were to a considerable part initiated or inspired by Jure Piškur's work.
EVOLUTION OF D. BRUXELLENSIS
The ancestors of D. bruxellensis and S. cerevisiae split into two lineages more than 200 million years ago (Woolfit et al. 2007) , 100 million years before the major event in the Saccharomycetaceae lineage, the WGD (Wolfe and Shields 1997) . During WGD, Saccharomyces diverged from the Kluyveromyces lineage, where the former developed the ability to repress respiration and thereby accumulate ethanol under aerobic conditions (Rozpedowska et al. 2011) . The molecular background to the development of the fermentative lifestyle was the duplication of genes involved in glycolysis due to WGD (Wolfe and Shields 1997) , and a promotor rewiring event, where the cis-regulatory element, AATTTT, which in Crabtree-negative yeasts such as Kluyveromyces lactis or Candida albicans is present in the promotors of genes encoding mitochondrial ribosomal proteins correlated with respiration and rapid growth, was lost in the Saccharomycetaceae lineage in those genes (Ihmels et al. 2005) . The ability of S. cerevisiae to accumulate ethanol under aerobic conditions is correlated to the loss of this regulatory element, which changed the gene expression (Rozpedowska et al. 2011) . Independently from S. cerevisiae, D. bruxellensis also lost this cisregulatory element, however, only in the genes involved in respiration.
The low number of duplicated genes in D. bruxellensis suggests that this yeast has not undergone WGD. Instead, a partially increased ploidy may have compensated the effect of WGD (Piškur et al. 2012) . Borneman et al. (2014) compared the genome of four strains of D. bruxellensis, and two of them (AWRI1613 and CBS2499) were determined to be diploid whereas the two others (AWRI11499 and AWRI1608) were triploid. Interestingly, in the triploid strains, two of the chromosome sets were closely related to the chromosomes in the diploid strains, whereas the third set of chromosomes was less similar, likely due to a hybridization of the strains with a distantly related strain of D. bruxellensis or a yet unidentified closely related species (Borneman et al. 2014) . The extra set of chromosomes was suggested to be of benefit for survival in the harsh conditions in wine (Borneman et al. 2014; Crauwels et al. 2014) .
The wine strains were enriched in genes correlated to growth and survival in the complex environment of wine, such as genes encoding for plasma membrane proteins involved in cell-wall budding, adhesion and pseudohyphal growth. Genes expressing membrane-associated transporters were also enriched in the genome of AWRI1499 (Curtin et al. 2012) .
Apart from the wine strains, also a beer isolate has been sequenced (Crauwels et al. 2014) . It was diploid and gene comparison revealed 20 genes that were present in the wine strains CBS 2499 and AWRI1499, but absent in the beer strain. For example, genes for nitrate assimilation and some involved in carbon metabolism (e.g. β-galactosidase, galactokinase encoding genes) were missing in the beer strain but present in the wine strains. Those differences indicate considerable genome flexibility among D. bruxellensis strains and a rapid adaptation to the conditions of the respective ecosystem.
In S. cerevisiae, the gene URA1, encoding dihydroorotate dehydrogenase (DHOD), promotes the conversion of dihydroorotate to orotate in the synthesis of pyrimidines. This gene has been transferred from bacteria into the yeast lineage by horizontal gene transfer. In contrast to the enzyme encoded by the originally eukaryotic gene URA9, the URA1-encoded DHOD is able to catalyse the conversion under anaerobic conditions (Piškur et al. 2012) . Because D. bruxellensis can grow anaerobically without externally added uracil (Blomqvist et al. 2012) , one may expect the presence of an URA1 gene also in this yeast. However, genome sequencing and expression studies revealed that D. bruxellensis contains and expresses an URA9 homologue; no URA1 homologue has been found (Table 1) (Piškur et al. 2012; Tiukova et al. 2013) . The ability of D. bruxellensis to grow anaerobically without the URA1 gene and without addition of uracil indicates that D. bruxellensis has a different mechanism for synthesizing pyrimidines, or that the DHODase has adapted to a novel acceptor of electrons independent of the active respiratory chain (Piškur et al. 2012) .
The D. bruxellensis genome contains and expresses, in contrast to other Crabtree-positive yeasts, active genes for subunits of the respiratory chain complex 1 (NADH-dehydrogenase) ( Table 1) (Woolfit et al. 2007; Tiukova et al. 2013) . Seven genes encoding NADH-dehydrogenase subunits (nad1-4, nad4L, nad5-6) have been identified in D. bruxellensis (Prochazka et al. 2010) . In addition to complex 1, the genome of D. bruxellensis also contains and expresses the AOX1 gene, encoding a salicylhydroxamic acid (SHAM)-sensitive alternate oxidase (AOX) (Woolfit et al. 2007; Tiukova et al. 2013) . The identification of the AOX1-gene is consistent with an earlier study that showed the presence of a cyanide-resistant respiratory pathway sensitive to SHAM in Dekkera/Brettanomyces yeasts (Blondin et al. 1984) . AOX has been hypothesized to act as a redox valve for glycolytic overflow in Crabtree-negative yeasts LoureiroDias 2000, 2003) , whereas Crabtree-positive yeasts run aerobic fermentation (Woolfit et al. 2007 ). Prochazka et al. (2010) hypothesized that the nad genes in complex 1 and AOX1 gene are remnants reflecting an early stage of the adaptation to the fermentative lifestyle. On the other hand, alternative respiration may have a function for reoxidation of the NADH formed during production of acetic acid.
PHYSIOLOGY AND METABOLISM OF D. BRUXELLENSIS

Impact of oxygen on growth and ethanol production
As a Crabtree-positive yeast, D. bruxellensis produces ethanol under aerobic conditions, if there is a surplus of sugar in the medium. Besides ethanol, it also produces acetic acid and a small quantity of glycerol (Rozpedowska et al. 2011) . The production of acetic acid generates reduced redox factors, and shifting the yeast from aerobic to oxygen-limited conditions can temporarily stop of growth due to redox imbalance. This growth cessation is known as the Custers effect (Scheffers 1979) . When the cells are growing under oxygen limitation, almost no acetic acid is produced; also other metabolites such as glycerol are generated at very low levels. Specific growth rates and ethanol production rates are much lower (about 20% and less) than those of S. cerevisiae under similar conditions. On the other hand, ethanol yields are similar or even higher (Table 1) (Blomqvist et al. 2010 (Blomqvist et al. , 2012 Pereira et al. 2014) . de Souza Liberal et al. (2007) tested a number of industrial isolates of D. bruxellensis and compared them to an industrial isolate of S. cerevisiae. Ethanol yields were similar, however with more residual sugar and longer fermentation times for the D. bruxellensis isolates. Growth and production rates and ethanol yields have been shown to vary considerably among strains; for example, in two studies with almost identical growth conditions (Blomqvist et al. 2010; de Barros Pita et al. 2013b ) growth rates of around 0.08 and 0.14 h −1 , and ethanol yields of 0.45 and 0.39 g/g glucose have been obtained for the strains, CBS 11269 and GDB248, respectively. Glycerol production is a way to restore the redox imbalance that is generated during amino acid and biomass production under anaerobic or oxygen-limited conditions (Van Dijken and Scheffers 1986 ). On the other hand, glycerol production is also loss of energy and carbon (Guo et al. 2009 ). As already mentioned above, all known D. bruxellensis strains produce very low amounts of glycerol (Aguilar Uscanga, Delia and Strehaiano 2003; de Souza Liberal et al. 2007; Rozpedowska et al. 2011 , Pereira et al. 2014 . In a recent study, it has been shown that the genes of the glycerol production pathway are expressed at very low levels under oxygen limitation. No expressed gene was found that encodes glycerophosphatase, which is responsible for the last step in glycerol production (Tiukova et al. 2013) . Possibly, dephosporylation is achieved by other, general phosphatases, as low amounts of glycerol are still produced under these conditions. The low capacity for glycerol production may be a major reason for the high biomass and ethanol yields. On the other hand, it probably also limits the yeast's ability to grow in mineral medium under severe oxygen limitation. In such conditions, D. bruxellensis was not able to consume all sugar during continuous cultivation at a quite low growth rate. Only higher aeration rates enabled consumption of all sugar (Blomqvist et al. 2012) . A similar phenomenon occurred in batch culture, where the growth rate decreased considerably at higher cell densities (i.e. at low oxygen availability), despite relatively high sugar concentrations ( Fig. 1) (Blomqvist et al. 2010 (Blomqvist et al. , 2012 Galafassi et al. 2011; Rozpedowska et al. 2011) . Moreover, adding certain amino acids to anaerobic batch cultures enabled D. bruxellensis to grow; addition of those amino acids during which synthesis of most NADH is generated resulted in the most pronounced effect on growth (Blomqvist et al. 2012) . This dependence on oxygen may also explain the above-mentioned incomplete consumption of sugar in the fermentation broth (de Souza Liberal et al. 2007 ).
Nitrate assimilation
Dekkera bruxellensis, in contrast to S. cerevisiae, has the ability to use nitrate as sole nitrogen source (Conterno et al. 2006) . However, this is a strain-specific feature (Barnett, Payne and Yarrow 2000) . de Barros Pita et al. (2011) showed that an industrial isolate of D. bruxellensis grew faster than S. cerevisiae in a mixed ammonium/nitrate media. The same study also found a correlation between high levels of nitrate in the industrial substrate (sugar cane must) and high levels of D. bruxellensis cells. Nitrate was shown to improve anaerobic growth of D. bruxellensis, when it was provided in a mixed nitrogen source together with ammonium (Galafassi et al. 2013a) . On the other hand, when supplied as a sole nitrogen source, nitrate did not promote anaerobic growth (Blomqvist et al. 2012) and supported only poor growth in the presence of oxygen (de Barros Pita et al. 2013b). Galafassi et al. (2013a) showed that on the mixed ammonium/nitrate medium, growth, ethanol and acetic acid production in anaerobic condition were enhanced compared to ammonium-based medium. Acetic acid is mainly associated with aerobic growth, and in ammonium-based medium almost no acetic acid was produced in anaerobic conditions. The authors suggested that the NAD(P)
+ generated from nitrate assimilation was used by NAD(P) + -dependent acetaldehyde dehydrogenases (AldDH). However, de Barros Pita et al. (2013b) did not see any acetic acid production in the oxygen-limited cultures with ammonium/nitrate medium, in contrast to the results obtained by Galafassi et al. (2013a) . Thus, acetic acid production in nitrate medium seems to be a strain-specific characteristic, or it only happens in strictly anaerobic conditions in which the only way to restore the NAD(P) + imbalance from nitrate assimilation is the production of acetic acid. Nitrate assimilation also restored the NADH imbalance during anaerobic growth caused by the low glycerol production, suggesting that nitrate assimilation abolishes the Custers effect.
The results from Galafassi et al. (2013b) were supported by the results from a proteome study of D. bruxellensis grown in nitrate medium (Barbosa Neto et al. 2014) . In addition to the overexpression of enzymes involved in nitrate assimilation, glycolytic enzymes were overproduced, which fits well with the high-energy demand and NADH availability during nitrate assimilation.
Competitiveness against S. cerevisiae
Dekkera bruxellensis is a highly competitive yeast in wine and ethanol production, since if it once enters a system, it repeatedly reoccurs. In aerobic conditions, D. bruxellensis produces acetic acid (Ciani and Ferraro 1997; Aguilar Uscanga, Delia and Strehaiano 2003) and this has been proposed to be an explanation for its competitiveness (Miniac 1989) . However, in oxygenlimited systems, such as ethanol and wine fermentations, D. bruxellensis produces no or very low amounts of acetic acid (Ciani and Ferraro 1997; Blomqvist et al. 2010 Blomqvist et al. , 2012 and D. bruxellensis has been shown to outcompete S. cerevisiae without any notable acetic acid production (Blomqvist et al. 2012) .
There are some studies that have directly investigated the competition between D. bruxellensis and S. cerevisiae (de Barros Pita et al. 2011; Blomqvist et al. 2012; Pereira et al. 2012; Meneghin et al. 2013) . de Barros Pita et al. Pereira et al. and Meneghin et al. run sequential batch fermentations with cell recirculation, whereas Blomqvist et al. performed continuous cultivation. The first three studies mentioned showed that, in general, the proportion of D. bruxellensis tended to increase during the later batches. The increase was correlated with a decrease in fermentation efficiency. Blomqvist et al. (2012) performed a continuous co-cultivation, and when glucose was growth limiting and the culture was sparged with a N 2 /air mixture (approximately 5% oxygen, but the dissolved oxygen tension in the medium was zero), the number of D. bruxellensis cells was stable, while the number of S. cerevisiae cells decreased. Without aeration, D. bruxellensis did not consume all sugar in the medium and both yeasts could coexist.
de Barros Pita et al. (2011) suggested that nitrate assimilation of D. bruxellensis could be involved in its competitiveness. This could indeed be one of the explanations, but it does not hold in all cases, as not all strains of D. bruxellensis can assimilate nitrate, and the medium used for the competition experiments performed by Blomqvist et al. (2012) did not contain nitrate. Sugarcane molasses can contain considerable amounts of nitrate (de Barros Pita et al. 2011 ), but no nitrate was detected in the starch-based substrate used in the industrial fermentor in Sweden (Blomqvist 2011) .
Outcompetition of S. cerevisiae by D. bruxellensis in sugarlimited conditions suggests that D. bruxellensis either has a more energy efficient metabolism and/or a higher affinity to glucose compared to S. cerevisiae. Some older studies measured the K T for glucose of some Dekkera/Brettanomyces yeasts, and all showed that the high-affinity transport system for glucose had a 30-60-fold lower K T than that of S. cerevisiae (Bisson and Fraenkel 1983; Van Urk et al. 1989; Walsh et al. 1994) . In a recent study of the transcriptome of D. bruxellensis in glucose-and oxygenlimited continuous culture, genes which have homologues in S. cerevisiae and Pichia pastoris that encode high-affinity glucose transporters were highly expressed. This supports the hypothesis that D. bruxellensis has a high affinity for glucose (Tiukova et al. 2013) . However, it is also possible that D. bruxellensis has a more efficient energy metabolism. As mentioned above, the yeast produces less glycerol than S. cerevisiae. Glycerol production requires energy, because the cell does not recover the ATP that is used to phosphorylate glucose. Apart from this, all the genes of the respiratory chain are expressed under oxygen limitation, including those of complex I. This would allow the cell to obtain maximal energy from the limited amount of oxygen in the medium (Tiukova et al. 2013) . Proposed mechanisms involving higher affinity to the substrate and higher energy efficiency are not mutually exclusive, but may be acting simultaneously.
Another aspect of competitiveness may come from interaction with other microorganisms. In several independent studies, it has been shown that in industrial ethanol production systems D. bruxellensis cooccurs with the lactic acid bacterium Lactobacillus vini (Passoth, Blomqvist and Schnürer 2007; Lucena et al. 2010; Blomqvist 2011; de Souza et al. 2012) . In lab-scale experiments, de Souza et al. (2012) 
Existing molecular tools for D. bruxellensis
The molecular tools for D. bruxellensis are fairly underdeveloped, but recent efforts have led to a number of tools for identification, manipulation, transcriptome analysis, etc. Rapid identification of spoilage Dekkera/Brettanomyces yeasts, and identification of genomic differences among strains has been performed using various PCR-based techniques, including colony PCR with species and strain-specific primers (Hulin et al. 2014) , microsatellite markers for genotyping Brettanomyces strains (Albertin et al. 2014) and diverse DNA-fingerprinting techniques (Crauwels et al. 2014) . Transformation of D. bruxellensis has been developed by Miklenic et al. (2013) , using an LiAc/PEG and electroporation protocol with kanMX4 as selection marker, and Schifferdecker et al. (2014) described a transformation method using the URA3 gene as selection marker and a lithium acetate electroporation protocol.
A trancriptome study of D. bruxellensis has been published, in which Tiukova et al. (2013) examined total gene expression in glucose-and oxygen-limited cultures by SOLiD sequencing of total mRNA. qPCR-based expression studies have been performed and published for a number of different genes, for example, those involved in stress response (Nardi, Remize and Alexandre 2010) and genes involved in carbon and nitrogen uptake (de Barros Pita et al. 2011 .
THE IMPACT OF D. BRUXELLENSIS ON BIOTECHNOLOGY
Wine production
In contrast to ethanol production, where it is debated whether D. bruxellensis is a contaminant or possible production yeast, it is definitely undesirable in wine production. Dekkera bruxellensis produces off-flavours in wine which have been described as medicinal, horse sweat, band-aid, stable, etc. (Chatonnet et al. 1992; Romano et al. 2008) , collectively referred to as 'Brettcharacter'. The background to this Brett-character is the production of different phenolic compounds from molecules present during wine fermentations. These phenolic compounds (vinyland ethylphenol) are produced by the conversion of hydroxycinnamic acids (HCAs) such as ρ-coumaric and ferulic acid (Heresztyn 1986 ). 4-Vinylphenol is an intermediate product of the conversion of ρ-coumaric acid to 4-ethylphenol . ρ-Coumaric acid is converted to 4-vinylphenol by cinnamate decarboxylase and the intermediate is then reduced to 4-ethylphenol by vinylphenol reductase (Chatonnet et al. 1992; Edlin et al. 1998; Dias et al. 2003) . Synonyms of cinnamate decarboxylase are coumarate decarboxylase (Ganga et al. 2011) , hydroxycinnamate decarboxylase (Edlin et al. 1998; Benito et al. 2009 ) and phenolic acid decarboxylase (Harris et al. 2009; Curtin et al. 2012; Godoy et al. 2014) . Ferulic acid is converted to 4-ethyl guaiacol via 4-vinylguaiacol (Chatonnet et al. 1992; Harris et al. 2008) . 3-Methyl butanoic acid (isovaleric acid) has also been shown to contribute to Brett-character (Romano et al. 2009; Curtin et al. 2013) .
It is unclear whether the spoilage potential of D. bruxellensis in wine is mainly correlated to its metabolic capacity to produce these phenolic compounds, or whether it is due to its ability to survive and grow in the harsh conditions present in wine. As strains of D. bruxellensis vary in their activity toward different HCAs, high levels of Dekkera yeasts in wine are therefore not always associated with high levels of phenolic compounds (Harris et al. 2009 ). Barata et al. (2008) showed that production of 4-ethylphenol is associated with growing cells, suggesting that fast-growing strains will produce more 4-ethylphenol than slow growers. Oxygen availability also affects the production of phenolic compounds, and Curtin et al. (2013) showed that self-generated oxygen limitation stimulated the production of 4-ethylphenol.
Another characteristic of D. bruxellensis contamination is the so-called mousy-off flavour (Snowdon et al. 2006; Romano et al. 2008) , which originates from three N-heterocyclic compounds: 2-acetyl-tetrahydropyridine, 2-ethyl-tetrahydropyridine and 2-acetyl-pyrroline (Strauss and Heresztyn 1984; Heresztyn 1986; Herderich et al. 1995; Snowdon et al. 2006) . Dekkera bruxellensis can produce at least two of them (2-acetyl-tetrahydropyridine, 2-ethyl-tetrahydropyridine) and L-lysine is the precursor of those compounds (Grbin et al. 2007) . The reason why only certain wines exhibit mousy off-flavours is not yet fully understood (Snowdon et al. 2006) .
Contamination with D. bruxellensis mainly occurs during the malolactic fermentation, when the sugar concentration is low and ethanol concentration is high, and during the aging of the wine in barrels (Chatonnet et al. 1992; Renouf et al. 2007; Oelofse, Pretorius and du Toit 2008) . One explanation why D. bruxellensis contaminates particularly these phases of wine making could presumably be the higher sugar affinity of D. bruxellensis compared to S. cerevisiae (Bisson and Fraenkel 1983, Van Urk et al. 1989; Walsh et al. 1994) .
In some wines, for example the French wines Château the Beaucastel, D. bruxellensis actually contributes positively to the aroma profile (Schifferdecker et al. 2014) . Some Dekkera/ Brettanomyces strains have β-glucosidase activity that may enhance the aroma of the wine (McMahon et al. 1999; Fia, Giovani and Rosi 2005; Oelofse, Pretorius and du Toit 2008) but it may also impact the colour of the wine negatively, as β-glucosidase can break down the red pigments derived from the grapes (Oelofse, Pretorius and du Toit 2008) .
Bioethanol
There are, as mentioned above, two general ideas about D. bruxellensis and its presence in bioethanol fermentations: that it acts as a contaminant resulting in decreasing ethanol productivity (de Souza Liberal et al. 2007; de Barros Pita et al. 2011) and that under certain circumstances it can be a production yeast for the ethanol industry (Passoth, Blomqvist and Schnürer 2007; Blomqvist et al. 2010) .
Dekkera bruxellensis has been isolated from an industrial ethanol fermentor in Sweden where it had completely outcompeted S. cerevisiae. In this facility, the fermentation was run continuously with recirculation of the cell mass. The fermentation was started by adding 1 ton of vacuum-dried S. cerevisiae. After 3 weeks of unstable fermentation, stabilization was associated with a noticeable change in cell shape. This change in cell shape was not a morphological change in the inoculated S. cerevisiae, but rather reflected the takeover by D. bruxellensis (Passoth, Blomqvist and Schnürer 2007) . The ethanol productivity in the process was satisfactory. Samples were taken over the course of a few years, and D. bruxellensis was always the dominating yeast with L. vini as the dominating lactic acid bacterium. Even 5 years after the first sampling and after a reconstruction of the facility, D. bruxellensis was still the production yeast (Blomqvist 2011) .
In Brazil, ethanol production is performed with recirculation of the yeast but with sugar cane molasses as substrate, in contrast to the starch-based fermentation in Sweden. When monitoring the yeast population together with ethanol productivity, an increase in the number of D. bruxellensis cells was followed by lower ethanol productivity. To restore the productivity, the fermenters were repitched with fresh S. cerevisiae cells and the ethanol productivity increased (de Souza Liberal et al. 2007; de Barros Pita et al. 2011) . It is difficult to provide a conclusive statement about whether D. bruxellensis has a positive or negative impact on ethanol production. There are no comparative data from the Swedish factory, how it would perform without takeover by D. bruxellensis. From the Brazilian factories, there are no data how they would perform in case of a complete takeover by D. bruxellensis. Moreover, performance in industrial fermentations may be affected by strain-specific characteristics. In addition, availability of oxygen and complex organic compounds can influence the productivity of D. bruxellensis (see above).
The above-mentioned cases were examples of firstgeneration ethanol production. However, long-term sustainable bioethanol production must be based on the fermentation of sugars derived from lignocellulose.
Certain strains of D. bruxellensis can grow and ferment cellobiose, which is important in terms of second-generation ethanol production from lignocellulosic biomass. However, ethanol production from cellobiose was less efficient than from glucose. This was at least partially due to higher acetic acid production, possibly because of relaxed glucose repression of AldDH (Blondin et al. 1982; Blomqvist et al. 2010; Reis et al. 2014) .
Lignocellulosic biomass needs to be pretreated in order to release fermentable sugars. For this, thermochemical methods are often combined with subsequent enzymatic hydrolysis. However, the pretreatment releases not only fermentable sugars but also fermentation inhibitors such as acetic acid, furfural and hydroxyl-methyl furfural. There are only a few studies on the capacity of D. bruxellensis to grow and ferment lignocellulosic hydrolysate. Moon et al. (2001) investigated the capacity of B. custersii (synonym to D. bruxellensis; Smith 2011) to grow and ferment steam-exploded oak wood chips.
Steam-exploded aspen sawdust with subsequent enzymatic hydrolysis was the substrate for lignocellulosic fermentation by D. bruxellensis CBS 11270 in the study of Blomqvist et al. (2011) . The yeast required supplementation of yeast extract or yeast nitrogen base to grow in batch culture, and was more sensitive to the hydrolysate compared to the industrial strain of S. cerevisiae investigated. However, in continuous cultivation with recirculation of yeast cells with increasing concentration of hydrolysate, D. bruxellensis was finally able to grow and ferment in medium containing 50% hydrolysate, and ethanol production and viability were maintained at levels achievable in 10% hydrolysate medium. Dekkera bruxellensis clearly adapted to the harsh hydrolysate . continued investigating the adaptation of D. bruxellensis to lignocellulosic hydrolysate. The result from that study pinpointed a physiological mechanism behind the adaptation and not a mutational event. The alcohol dehydrogenase genes ADH1 and ADH2 were not involved in the adaptation mechanism in D. bruxellensis, in contrast to the situation in S. cerevisiae (Petersson et al. 2006; Laadan et al. 2008) . Further studies are required to understand the potential of D. bruxellensis to ferment lignocellulose hydrolysate to ethanol.
CONCLUSION
Dekkera bruxellensis is a highly competitive yeast, showing a high intraspecific diversity and containing strains very well adapted to different industrial environments. It is an excellent model to study yeast evolution and stress adaptation. The yeast is mainly seen as a spoilage organism in the different industrial environments from which it is isolated. Understanding the mechanism of its competitiveness may help to prevent spoilage or aid in the construction of S. cerevisiae strains that can cope with D. bruxellensis infections.
However, D. bruxellensis can also have a positive impact on biotechnology. Apart from its role in Lambic beer production, it has potential as a production organism in first-and secondgeneration ethanol production. Its ability to adapt to inhibitory substrates is a very interesting feature. Specific enzyme activities e.g. β-glucosidase that result in off-flavours in wine may potentially be used to generate high-value compounds. Techniques to analyse the variable genomes and transcriptomes of D. bruxellensis strains, and the development of methods for molecular manipulation of this yeast, which have for instance been achieved in Jure Piškur's lab, will further catalyse research on this fascinating organism.
